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In this study, a microfluidic process is proposed for preparing monodisperse

micrometer-sized hydrogel beads. This process utilizes non-equilibrium aqueous

droplets formed in a polar organic solvent. The water-in-oil droplets of the hydrogel

precursor rapidly shrunk owing to the dissolution of water molecules into the

continuous phase. The shrunken and condensed droplets were then gelled, resulting

in the formation of hydrogel microbeads with sizes significantly smaller than the

initial droplet size. This study employed methyl acetate as the polar organic solvent,

which can dissolve water at 8%. Two types of monodisperse hydrogel beads—Ca-

alginate and chitosan—with sizes of 6–10 lm (coefficient of variation< 6%) were

successfully produced. In addition, we obtained hydrogel beads with non-spherical

morphologies by controlling the degree of droplet shrinkage at the time of gelation

and by adjusting the concentration of the gelation agent. Furthermore, the

encapsulation and concentration of DNA molecules within the hydrogel beads were

demonstrated. The process presented in this study has great potential to produce

small and highly concentrated hydrogel beads that are difficult to obtain by using

conventional microfluidic processes. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826936]

I. INTRODUCTION

Hydrogels are widely used in medicine and chemical and biological research for immobi-

lizing and/or releasing bioactive compounds. Hydrogels are also employed as three-dimensional

scaffolds for constructing living tissue models and as matrices for biomolecule separation and

analysis.1–3 Spherical beads are one of the most common forms of hydrogels, largely because

of the ease of its preparation and manipulation. In general, the physicochemical characteristics

and applications of hydrogel beads are closely associated with their size and monodispersity.

Small beads with a high surface-to-volume ratio exhibit rapid diffusion-based molecular trans-

port through their permeable matrices. Thus, the use of small and monodisperse hydrogel beads

as bead-based stationary phases for separation columns and as cell-incorporating capsules for

bioproduction and cell transplantation therapies is especially advantageous. In addition, the

bead size is related to the uptake efficiency by cells and the release rate of drugs in hydrogel-

based carriers for drug delivery systems (DDS).4 Hence, the precise control of the size and the

monodispersity of hydrogel beads is essential for conducting these applications.

To date, various techniques have been developed for the preparation of hydrogel microbeads.

Monodisperse hydrogel beads were obtained using microfabrication and microfluidic technologies,

in which droplets of a hydrogel precursor solution were generated by using micro-nozzles,5–7

ink-jet devices,8 and microfluidic channels.9–15 The generated droplets were then gelled to

form monodisperse spherical beads with diameters typically as large as 100 lm. In addition, non-

spherical beads have been produced by employing photopolymerization-based techniques, such as
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stopped-flow lithography,16–20 scanning-laser lithography,21 micro-molding,22 and continuous

cross-linking,23 or by utilizing multiphase microfluidics.24 These non-spherical beads would be

potentially useful as unit structures for fabricating large hydrogel-based constructs by 3D assembly

and would also be advantageous for biological encapsulation due to their higher surface-to-volume

ratios compared to the spherical beads. However, there exist very few techniques for preparing

monodisperse hydrogel beads with sizes as small as single mammalian cells (�10 lm).12,25–27 One

of the reasons can be attributed to the difficulty in generating small droplets of viscous precursor

solutions using microfabricated nozzles or microfluidic channels. In addition, controlling the mor-

phologies of such small hydrogel beads so as to obtain non-spherical beads remains a challenge.

In this study, we present a simple but versatile microfluidic process based on the dissolution

of the aqueous droplets of hydrogel precursor to produce monodisperse single micrometer-sized

hydrogel beads. The procedure for producing micrometer-sized hydrogel beads is shown in Fig. 1.

A polar organic solvent, which can dissolve a limited amount of water, and a diluted precursor

solution are employed as the continuous and dispersed phases, respectively, and introduced into

the microchannel. Water-in-oil (W/O) droplets are generated at the first confluence point, which

rapidly shrink while flowing through the microchannel, resulting in the concentration of the hydro-

gel polymer molecules. This phenomena of the droplet dissolution, often referred to as solvent

evaporation, has been utilized for producing synthetic polymer beads,28,29 silica particles,30,31 and

polysaccharide beads,32 and for assembling colloidal particles.33–35 An aqueous solution of a gela-

tion agent was introduced downstream into the microchannel, generating hydrogel beads signifi-

cantly smaller than the initial droplets. We attempted to prepare two types of micrometer-sized

hydrogel beads by using alginate and chitosan as the hydrogel material. In addition, we examined

several factors that affect the size and the morphology of the beads such as the concentrations of

the precursor and the gelation agent and the degree of water-molecule dissolution. Furthermore,

we demonstrated the encapsulation of DNA molecules within the hydrogel beads.

II. EXPERIMENTAL SECTION

A. Microchannel fabrication and design

PDMS (Polydimethylsiloxane; Silpot-184 from Dow Corning Toray Co., Ltd., Japan)

microchannels were prepared by using standard soft lithography and replica molding techniques

FIG. 1. Schematic illustrating the microfluidic process for producing single micrometer-sized hydrogel beads using non-

equilibrium droplets. A polar organic solvent (methyl acetate) is employed as the continuous phase. Droplets of a diluted hydro-

gel precursor solution are formed, which shrink because of the dissolution of water into the continuous phase. The gelation so-

lution is introduced at the second confluence point to produce hydrogel beads significantly smaller than the initial droplets.

054120-2 Sugaya et al. Biomicrofluidics 7, 054120 (2013)



as described elsewhere.36 A PDMS replica was bonded to a flat PDMS plate via O2 plasma

treatment to form the microchannel structure. To ensure the recovery of the hydrophobicity of

PDMS after the bonding process, the bonded PDMS microdevice was heated at 150 �C for at

least 3 h before use. The microchannel design is shown in Fig. 2(a). There are 4 inlets: Inlet 1

for the organic solvent, Inlet 2 for the precursor solution, and Inlets 3 and 30 for the gelation

solution. The length of the water dissolution channel was either 22 or 70 mm, whereas that of

the gelation channel was 75 mm. The width of the microchannel at the first confluence point

was 50 lm, whereas that of the dissolution and the gelation channels was 200 lm. The micro-

channel depth across the entire device was 55 lm.

B. Production of hydrogel microbeads

In this study, methyl acetate was primary used as the polar organic solvent, unless other-

wise noted. Water has a solubility of 8% in methyl acetate at room temperature. For producing

alginate hydrogel beads, sodium alginate (NaA; Kimica IL-6, Kimica Corp., Japan) was

FIG. 2. Droplet formation and dissolution in the microchannel. (a) Schematic image showing the microfluidic device. (b)-

(e) Micrographs showing the droplets of sodium alginate (NaA) solution, (b) at the first confluence, (c) in the dissolution

channel, (d) at the second confluence, and (e) in the gelation channel. Methyl acetate, 0.1% sodium alginate (NaA) solution,

and 1M CaCl2 solution were used as the continuous phase, dispersed phase, and the gelation solution, respectively. In

(c)–(e), small arrows indicate the droplets. (f) The change in the volume of the droplets flowing through the gelation chan-

nel over time. Each data show the mean 6 SD value.
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dissolved in distilled water. Methyl acetate, an aqueous solution of NaA (0.025%–0.15%), and

an aqueous solution of 1M CaCl2 were introduced into the microchannel by using syringe

pumps (KDS200, KD Scientific, MA, USA) with flow rates of Q1, Q2, and Q3 (¼Q03), respec-

tively. The formation of the droplets and the beads was observed using an inverted microscope

(IX71, Olympus, Japan). The generated beads were continuously and directly collected from

the microchannel into a glass vial through Teflon tubing. Collected beads were washed twice

with 0.1M CaCl2 solution to remove the remaining organic solvent. The size of the droplets

and the beads was measured using an image processing software by analyzing at least 100

beads for each condition. For characterizing non-spherical beads, the longest axis (width or

length) of the beads was determined from the captured micrographs.

In the experiment for producing chitosan hydrogel beads, 0.025% or 0.05% chitosan

(deacetylation degree higher than 80%, viscosity of an aqueous solution of 1% (w/v) chitosan

at 20 �C was measured to be 72.4 mPa�s, Wako Pure Chemical Ind. Ltd., Japan) in 0.1M acetic

acid was used as the precursor solution, and 1 mM NaOH aq. was used as the gelation solution.

The formed chitosan hydrogel beads were washed twice with distilled water, and the bead sizes

were measured. In addition, the chitosan beads were fluorescently labeled; the obtained beads

were dipped in 50 mM borate buffer (pH¼ 8.5) with 0.1 mg/ml N-hydroxysuccinimide (NHS)-

conjugated fluorescein (Thermo Scientific, MA, USA) for 30 min and then washed several times

with the borate buffer.

To prepare DNA-encapsulating hydrogel beads, kDNA (Takara Bio Inc., Japan) was dis-

solved in an aqueous solution of 0.1% NaA at a concentration of 50, 100, or 200 ng/ll. The

prepared beads were then suspended in 0.1M CaCl2 aq. supplemented with 0.01% SYBR Green

I solution (10 000�, Biowhittaker Molecular Applications, ME, USA).

III. RESULTS AND DISCUSSION

A. Droplet formation and dissolution

First, we observed the formation and dissolution of the droplet using the microfluidic device

with the dissolution channel-length of 70 mm. Figure 2 shows the formation of non-equilibrium

droplets in the microchannel. Aqueous droplets of the hydrogel precursor (0.1% NaA aq.) were

generated in the continuous phase at the first confluence point at a production rate of �100

droplets/s when Q1 and Q2 were 30 and 0.9 ll/min, respectively. The initial volume 6 SD of

the generated droplets was 175 6 6.3 pl, which corresponds to a sphere with a diameter of

69.5 6 8.4 lm. The droplets shrunk during the course of its flow through the continuous phase

(Figs. 2(b)–2(f)) because of the dissolution of the water molecules from the droplets into the

continuous phase. The droplet diameter at the second confluence point was 10.0 6 0.7 lm (vol-

ume of 0.54 6 0.12 pl) with a corresponding retention time of �1500 ms. The droplet volume at

this point was �0.30% of the initial volume with the estimated alginate concentration of �33%.

This indicated that a considerable amount of water was still present within the shrunk droplets,

probably because of the hygroscopic nature of the alginate polymer. It should be noted that the

droplets dissolved completely and therefore, disappeared when distilled water was used as the

dispersed phase. In contrast, the volume of the droplets did not significantly change when

water-saturated methyl acetate was used as the continuous phase. In this experiment, PDMS

microchannel swelled with methyl acetate; the width of the microchannel increased from

�200 lm to �210 lm by the introduction of methyl acetate, but it did not substantially affect

the droplet generation process. Microfluidic devices made of other types of materials (glass, sili-

con, and solvent-tolerant polymers) could be also employed, if they have proper surface

characteristics.

Previous studies have reported on the microfluidics-based formation of non-equilibrium drop-

lets and their applications. Non-equilibrium W/O droplets have been prepared using dimethyl car-

bonate,30,32,37 in which water has a solubility of 3%, and silicone oils, which are only slightly

miscible with water.35 Ethyl acetate, which can dissolve water at 3%, has also been employed to

prepare droplets.38 However, to the best of our knowledge, methyl acetate has not been used for

producing W/O droplets. Among the solvents mentioned above, water has the high solubility in
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methyl acetate (8%), and thus, the use of methyl acetate would result in the rapid extraction of

water molecules from the droplets.

B. Production of Ca-alginate hydrogel beads

Next, we synthesized single micrometer-sized alginate hydrogel beads. Alginate is a bio-

compatible polymer obtained from seaweed, which rapidly gels in the presence of multivalent

cations such as Ca2þ and Ba2þ. Because of the mild gelation conditions required, alginate

hydrogels have been used for a variety of applications, including biological immobilization for

bio-production,39 patterned cell culture,40 tissue engineering,41,42 and cell transplantation thera-

pies.43 In this study, we introduced an aqueous solution of the gelation agent (1M CaCl2) into

the microfluidic device (with a dissolution channel length of 70 mm) at the second confluence

point, by which time the droplet shrinkage was almost complete. In the gelation channel, the

gelation solution and methyl acetate flowed parallelly when the flow rates Q1, Q2, and Q3

(¼Q03) were 30, 0.6, and 15 ll/min, respectively (Fig. 2(e)). The interface formed between the

gelation solution and methyl acetate was clearly maintained along the entire length of the gela-

tion channel. As the Ca2þ ions would not diffuse into the continuous phase, it was likely that

the shrunken droplets came into contact with the gelation solution in the gelation channel,

resulting in the formation of hydrogel beads.

Figure 3(a) shows the beads obtained when the initial NaA concentration was varied as

indicated. Spherical alginate hydrogel beads with a narrow size distribution were successfully

obtained. The surface of the beads was relatively rough, which might have been caused by the

rapid dissolution and gelation of the droplets. The diameters and coefficient of variation (CV)

values of the beads were 6.0, 7.0, 9.2, and 10.4 lm, and 6.0%, 2.6%, 4.5%, and 3.0%, when the

initial NaA concentrations were 0.025%, 0.05%, 0.1%, and 0.15%, respectively (Fig. 3(b)).

Smaller beads were obtained at lower NaA concentrations. The relation between the initial NaA

concentration and the volume ratios of the beads to the initial droplets is shown in Fig. 3(c).

The volume ratios were proportional to the initial NaA concentrations, indicating that the con-

centrations of the alginate polymer within the obtained beads were consistently �40% regard-

less of the initial precursor concentrations. Thus, we confirmed that the sizes of the beads were

precisely controllable by adjusting the precursor concentration and the initial droplet size.

Next, the characteristics of the Ca-alginate hydrogel beads were examined. After drying the

beads overnight at 37 �C, the shape of the beads deformed due to the loss of water but it recov-

ered after re-swelling in distilled water (Fig. 4(a)). This result indicated that the obtained beads

FIG. 3. Production of micrometer-sized Ca-alginate hydrogel beads. (a) Hydrogel beads produced from different precursor

concentrations. (b) Size distributions of the obtained beads. (c) Relationship between the initial NaA concentration and the

volume ratio of the beads to the initial droplets.
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did contain water and were composed of hydrogel. In addition, the dissolution of the beads in

an aqueous solution of 0.1M trisodium citrate solution, a chelating agent for Ca2þ (Fig. 4(b)),

indicated that the beads were made of Ca-alginate.

In the previous studies, microfabricated nozzles, microchannels, or capillaries have been

employed to produce monodisperse alginate hydrogel beads.6,26,44 However, it was not easy to

generate single micrometer-sized droplets of a viscous precursor solution, because of the high

pressure required to introduce the solution into narrow channels or capillaries. Moreover, the

physical stiffness of the hydrogel beads produced from a low concentration of the precursor solu-

tion (ex. 0.1% NaA) would not be sufficient for maintaining the bead morphology. In contrast,

the presented technique is capable of concentrating the alginate polymer up to �400-fold, result-

ing in the formation of solid hydrogel beads. In addition, monodisperse single-micrometer-sized

hydrogel beads were easily obtained owing to the use of a less viscous precursor solution at low

concentrations and the dissolution process of the non-equilibrium droplets.

C. Control of bead morphology

The shape of the hydrogel beads plays an important role in determining its characteristics.

In attempts to control the bead morphology, we first investigated the effect of the CaCl2 con-

centration on the formation of non-spherical hydrogel beads, which would be closely associated

with the gelation speed of alginate. The CaCl2 concentration in the gelation solution was

changed from 10 mM to 5M. The flow-rates Q1, Q2, and Q3 were 30, 0.6, and 15 ll/min,

respectively. When the CaCl2 concentration was 5M, hydrogel beads with a size of �9.4 lm

were obtained (Fig. 5(a)), which was similar to the beads obtained using 1M CaCl2, as shown

in Fig. 3. When the CaCl2 concentration was decreased to 100 mM, the beads became slightly

larger (�10.7 lm) although their shape remained spherical (Fig. 5(b)). In contrast, teardrop-like

FIG. 4. Examination of the hydrogel nature of the obtained beads. (a)-(c) The obtained beads (a) before drying, (b) after

drying overnight at 37 �C, and (c) re-swelled in distilled water. (d) Dissolution of the alginate beads by chelating Ca2þ ions

using an aqueous solution of 0.1M trisodium citrate. Beads were dissolved within �10 s after dipping in the solution.

FIG. 5. Ca-alginate hydrogel beads prepared using gelation solutions with different CaCl2 concentrations. CaCl2 concentra-

tions were (a) 5M, (b) 100 mM, and (c) 10 mM, respectively.
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hydrogel beads were generated when the CaCl2 concentration was 10 mM (Fig. 5(c)). This

unique shape would be caused by the low gelation speed of alginate at low CaCl2 concentra-

tions; when the concentrated droplets migrated into the gelation solution from the continuous

phase, the droplets swelled before gelation was complete, and the droplet shape was deformed

because of the flow-induced shear stress, forming the tail structure.

Next, we investigated the effect of the degree of water dissolution (i.e., the degree of droplet

shrinkage) on the bead morphology. Microfluidic devices with a shorter dissolution channel

(22 mm) were used for this experiment. The behavior of the droplets and the obtained hydrogel

beads are shown in Fig. 6. The flow rates Q1, Q2, and Q3 were 30, 0.6, and 15 ll/min, respec-

tively. Under these flow rates, the retention time of the droplets in the dissolution channel was

�500 ms. The droplet diameter at the second confluence point was �38.8 lm and its volume

was �5.9% of the volume of the initial droplets whose average diameter was �100 lm. We

clearly observed that the shrunken droplets came into contact with the interface formed between

the continuous phase and the gelation solution at several hundred micrometers downstream from

the second confluence point. The obtained hydrogel beads exhibited unique mushroom-like mor-

phology with an average width of 29.4 lm (Fig. 6(d)). The hydrogel matrices within these beads

were less concentrated compared to those shown in Fig. 3(a). The formation of this

non-spherical morphology would be a result of the non-uniform gelation process; a hemisphere

of a droplet was initially deformed when the droplet was in contact with the interface and gelled.

This was followed by the gelation of the other part of the droplet, which was away from the

interface (Fig. 6(e)). Hydrogel beads with similar shapes have been reported previously, formed

by droplet deformation either at the liquid/liquid interface45,46 or in microchannels.47,48 Together

with these previous reports, the present study demonstrated the possibility for controlling the

droplet shape by utilizing the interfaces in multiphase systems. It is worth noting that the flow

FIG. 6. Preparation of non-spherical hydrogel beads by controlling the degree of droplet shrinkage. A microfluidic device

with a shorter dissolution channel (22 mm) was used. (a)-(c) Droplets at the first confluence point (a), in the dissolution

channel (b), and at the second confluence point (c). In (c), arrows indicate the droplets. (d) Micrograph of the obtained

mushroom-shaped hydrogel beads. (e) Schematic showing the mechanism of formation of the non-spherical hydrogel

beads.

054120-7 Sugaya et al. Biomicrofluidics 7, 054120 (2013)



rate of the gelation solution plays a critical role on the production efficiency of these

mushroom-shaped beads, as it determines the flow width of the gelation solution in the gelation

channel and thus the probability with which the shrunken droplets come into contact with the

interface. When the flow rate of the gelation solutions (Q3) was increased from 5 to 60 ll/min,

the ratio of the non-spherical beads increased as shown in Figure 7.

D. Production of chitosan hydrogel beads

Next, we tried to extend the scope of the presented scheme to the production of other types of

beads such as hydrogel beads made of chitosan. Chitosan is a polysaccharide derived from chitin

and is widely used in medicine as carriers for DDS and tissue-engineering scaffolds because of its

useful characteristics such as biocompatibility, biodegradability, and cell-adhesion.49,50 To produce

chitosan beads with sizes of several hundred nanometers, simple precipitation processes are often

FIG. 7. Effect of the flow rate of the gelation solution on the ratio of the non-spherical Ca-alginate hydrogel beads. The

flow rates of the gelation solution Q3 (¼Q3
0) were (a) 5, (b) 15, and (c) 60 ll/min, respectively.

FIG. 8. Preparation of chitosan hydrogel beads. (a) and (b) Micrographs and (c) the size distributions of the hydrogel beads

prepared from (a) 0.025% and (b) 0.05% chitosan solutions. (d) Bright-field and fluorescence images of the chitosan hydro-

gel beads prepared from 0.05% chitosan solution and conjugated with NHS-fluorescein.
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employed.51 Spray drier or vibration nozzle techniques have been reported for the production of

chitosan hydrogel beads with sizes ranging from several micrometers to several millimeters.52–54

Microfluidic devices have also been used to produce chitosan microbeads;55,56 however, there are

not so many reports on the production of chitosan beads with single micrometer diameters.57 In

this study, methyl acetate, a precursor solution (0.025% or 0.05% chitosan in 0.1M acetic acid

aq.), and a gelation solution (1 mM NaOH aq.) were introduced into the microchannel under the

same flow-rate conditions used for producing alginate hydrogel beads shown in Fig. 3.

In this case too, the droplets of the precursor solution were successfully formed in the con-

tinuous phase (methyl acetate) and then shrunken during the course of its flow through the micro-

channel. The obtained hydrogel beads and their size distributions are shown in Fig. 8. The aver-

age diameters of the hydrogel beads were 6.2 and 8.6 lm with CV values of 4.6% and 5.6%, at

chitosan concentrations of 0.025% and 0.05%, respectively. The volume of the hydrogel beads

was �0.35% of the initial volume of the generated droplets for both concentrations, demonstrat-

ing that the bead sizes could be precisely controlled by changing the chitosan concentration. This

result showed that the process presented in this study could be applied to the production of dif-

ferent types of hydrogel beads with single micrometer sizes. In addition, we were able to conju-

gate the amine group of the chitosan beads with NHS-fluorescein as shown in Fig. 8(d). This

result suggests that the amine group of chitosan can be used for the further functionalization of

the chitosan beads. Although various methods for preparing chitosan hydrogel beads have been

proposed, the presented system is advantageous since it enables the preparation of monodisperse,

single micrometer-size, and condensed chitosan hydrogel beads with a simple experimental setup.

E. Encapsulation of concentrated DNA in alginate hydrogel beads

To demonstrate the use of the prepared hydrogel beads for bio-encapsulation, we produced

Ca-alginate hydrogel beads containing DNA molecules. NaA solutions containing kDNA

FIG. 9. Ca-alginate hydrogel beads incorporating kDNA. (a)-(c) Hydrogel beads made from 0.1% NaA solution containing

(a) 50, (b) 100, and (c) 200 ng/ll of kDNA, respectively. DNA was stained with SYBR Green I.
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molecules at different concentrations (50, 100, and 200 ng/ll) were used as the precursor. The

flow rates Q1, Q2, and Q3 were 30, 0.6, and 15 ll/min, respectively. The prepared hydrogel

beads with encapsulated DNA molecules are shown in Figs. 9(a)–9(c). Hydrogel beads with an

average size of 18–20 lm were obtained. The higher DNA concentration resulted in the slightly

larger hydrogel beads formed, which would have been caused by the higher viscosity of the

precursor solution and the larger size of the generated droplets. Because of the permeability of

the hydrogel, the DNA molecules were rapidly stained with a green fluorescent dye, SYBR

Green I, by dipping the beads in the dye solution. The fluorescence intensities of the beads

were higher when the initial DNA concentration was higher. Owing to the large size of kDNA

(�48 kbp), DNA molecules were stably encapsulated in the hydrogel matrices for at least a

week. In this case, the volume ratio of the beads was �0.4% of the initial volume of the drop-

lets. Assuming that the DNA molecules were perfectly encapsulated into the hydrogel matrices,

the DNA concentrations were significantly increased (�250-fold). This result indicated that

this process was capable of effectively enriching water-soluble macromolecules in the small

hydrogel particles. Although we did not demonstrate the encapsulation of small molecules

within the beads, such molecules would be gradually released from the hydrogel matrix depend-

ing on the molecule size and the sieve size of the hydrogel, because of the permeability of the

alginate matrices.58 Monodisperse hydrogel beads with encapsulated DNA molecules were

recently applied in biochemical studies such as single molecule analysis.59 We expect that the

process presented in this paper for enriching biomolecules within cell-sized hydrogel beads

would prove useful in biochemical research and clinical diagnosis, as well as the drug-releasing

carriers.

IV. CONCLUSIONS

A process for producing single micrometer-sized, monodisperse hydrogel beads was

demonstrated, by utilizing the non-equilibrium aqueous droplets formed in a polar solvent.

Ca-alginate and chitosan hydrogel bead with precisely controlled sizes were produced, showing

the applicability of the presented process to various types of hydrogel materials. In addition, by

controlling the concentration of the gelation agent and the degree of water dissolution, hydrogel

beads having non-spherical morphologies were generated. Moreover, encapsulation and concen-

tration of DNA molecules within the hydrogel matrices were successfully demonstrated. The

presented micrometer-sized hydrogel beads would be useful as innovative materials for various

chemical/biochemical applications such as the cell cultivation scaffolds, carriers for DDS, siev-

ing matrices for bio-separation, and analytical tools for biomacromolecules.
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